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Significant excesses of J/ψ yield at very low transverse momentum (pT < 0.3 GeV/c) were ob-
served by the ALICE and STAR collaborations in peripheral hadronic A+A collisions. This is a
sign of coherent photoproduction of J/ψ in violent hadronic interactions. Theoretically, the pho-
toproduction of J/ψ in hadronic collisions raises questions about how spectator and non-spectator
nucleons participate in the coherent reaction. We argue that the strong interactions in the over-
lapping region of incoming nuclei may disturb the coherent production, leaving room for different
coupling assumptions. The destructive interference between photoproduction on ions moving in
opposite directions also needs to be included.
This letter presents calculations of J/ψ production from coherent photon-nucleus (γ+A→ J/ψ+
A) interactions in hadronic A+A collisions at RHIC and LHC energies with both nucleus and
spectator coupling hypotheses. The integrated yield of coherent J/ψ as a function of centrality
is found to be significantly different, especially towards central collisions, for different coupling
scenarios. Differential distributions as a function of transverse momentum, azimuthal angle and
rapidity in different centrality bins are also shown, and found to be more sensitive to the Pomeron
coupling than to the photon coupling. These predictions call for future experimental measurements
to help better understand the coherent interaction in hadronic heavy-ion collisions.
In relativistic heavy-ion collisions carried out at the
Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC), one aims at searching for a new
form of matter — the Quark-Gluon Plasma (QGP) [1]
and studying its properties in laboratory. J/ψ suppres-
sion, due to the color screening effect in the deconfined
medium, was proposed as a direct signature of the QGP
formation [2]. Other mechanisms, such as the recombi-
nation of deconfined charm quarks in the QGP and cold
nuclear matter (CNM) effects, also play a significant role
in affecting the J/ψ yield. The interplay of these effects
can qualitatively describe the J/ψ production measured
so far at SPS, RHIC and LHC [3].
J/ψ can also be produced via the coherent photon-
nucleus interactions through the photon-Pomeron fusion
in heavy-ion collisions [4]. Virtual photons emitted by
one nucleus may fluctuate into qq pairs, scatter off the
other nucleus and emerge as vector mesons. The coherent
nature of the interactions leads to a distinctive signature:
the final products consist of two intact nuclei, a J/ψ with
very low transverse momentum (pT < 0.1 GeV/c) and
nothing else. Conventionally, these reactions are only
visible when they are not accompanied by hadronic in-
teractions, i.e. in the so-called Ultra-Peripheral Collisions
(UPCs). In these collisions, the impact parameter (b) is
larger than twice the nuclear radius (RA).
Can the coherent photonuclear interaction also occur
in Hadronic Heavy-Ion Collisions (HHICs, b < 2RA),
where the nuclei collide and break up? Recently, signifi-
cant excesses of J/ψ yield at very low pT (< 0.3 GeV/c)
have been observed by the ALICE [5] and STAR [6] col-
laborations in peripheral HHICs. These excesses cannot
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be explained by the hadronic J/ψ production with cur-
rently known cold and hot medium effects taken into ac-
count. Interestingly, the excesses exhibit characteristics
of coherent photonuclear interactions. Klusek-Gawenda
and Szczurek considered this problem in [7], where they
assumed that both the photons and the photon targets
couple to the whole nucleus and modify the photon flux
by ignoring the overlapping region. However, the modi-
fication to the photon flux is not unambiguous, and fur-
thermore, the destructive interference between photopro-
duction on ions moving in opposite directions was not
included in their model.
In this letter, we consider different coupling scenarios
for photons and Pomerons with the nucleus in presence
of hadronic interactions. The interference between the
J/ψ photoproduction amplitudes on ions moving in op-
posite direction (INT2N) is also addressed, which turns
out to play a more significant role in HHICs than that
in UPCs. The coherent J/ψ yields in HHICs are cal-
culated at RHIC and LHC energies and compared with
experimental results. Furthermore, differential distribu-
tions as a function of transverse momentum, centrality
and rapidity are also shown.
The cross-section for J/ψ production via the photon-
Pomeron fusion can be calculated by convoluting the
Weizsa¨cker-Williams virtual photon spectrum with the
photonuclear interaction cross-section [8, 9]:
σ(AA→ AAJ/ψ) =
∫
dωγ
dNγ(ωγ)
dωγ
σ(γA→ J/ψA)
(1)
where ωγ is the photon energy, and σ(γA → J/ψA) is
the photonuclear interaction cross-section for J/ψ. It is
determined from measurements of γp interactions cou-
pled with a Glauber formalism [10, 11]. In UPCs where
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2photons and Pomerons couple coherently to the entire
nucleus, the induced photon flux is given by the equiva-
lent photon approximation [12]:
d3Nγ(ωγ , ~x⊥)
dωγd~x⊥
=
4Z2α
ωγ
∣∣∣∣ ∫ d2~kγ⊥(2pi)2 ~kγ⊥Fγ(~kγ)|~kγ |2 ei~x⊥·~kγ⊥
∣∣∣∣2
~kγ = (~kγ⊥,
ωγ
γc
) ωγ =
1
2
MJ/ψe
±y
(2)
where ~x⊥ and ~kγ⊥ are 2-dimensional photon position and
momentum vectors perpendicular to the beam direction,
Z the nuclear charge, α the electromagnetic coupling con-
stant, γc the Lorentz factor of the photon-emitting nu-
cleus, MJ/ψ and y the mass and rapidity of J/ψ, and
Fγ(~kγ) the nuclear electromagnetic form factor. Fγ(~kγ)
is obtained via the Fourier transformation of the charge
density in the nucleus. The charge density for a symmet-
rical nucleus A is given by the Woods-Saxon distribution:
ρA(r) =
ρ0
1 + exp[(r −RWS)/d] (3)
where the radius RWS and skin depth d are based on fits
to electron scattering data [13], and ρ0 is the normaliza-
tion factor. The cross-section for the process γA→ J/ψA
can be derived from the following sequence of equa-
tions [7, 8]:
σ(γA→ J/ψA) = dσ(γA→ J/ψA)
dt
∣∣∣∣
t=0
×∫
|FP (~kP )|2d2~kP⊥ ~kP = (~kP⊥, ωP
γc
)
ωP =
1
2
MJ/ψe
±y =
M2J/ψ
4ωγ
(4)
dσ(γA→ J/ψA)
dt
∣∣∣∣
t=0
= C2
ασ2tot(J/ψA)
4f2J/ψ
(5)
σtot(J/ψA) = 2
∫
(1− exp(−1
2
σtot(J/ψp)TA(x⊥)))d2x⊥
(6)
σ2tot(J/ψp) = 16pi
dσ(J/ψp→ J/ψp)
dt
∣∣∣∣
t=0
(7)
dσ(J/ψp→ J/ψp)
dt
∣∣∣∣
t=0
=
f2J/ψ
4piαC2
dσ(γp→ J/ψp)
dt
∣∣∣∣
t=0
(8)
where TA(x⊥) is the nuclear thickness function, −t is
the squared four momentum transfer, fJ/ψ is the J/ψ-
photon coupling, ωP is the energy of Pomeron and C
is a correction factor, which will be discussed in detail
hereinafter. Parametrization for γp → J/ψp production
in Eq. 8 is obtained from [10].
As shown in the equation sequences (Eq. 4 - Eq. 8),
the calculation of σ(γA → J/ψA) are performed with a
quantum Glauber approach coupled with the parameter-
ized σ(γp→ J/ψp) as input. To relate this to nuclei, we
follow vector dominance model [14] and make use of the
optical theorem and an Eikonalization technique. How-
ever, the single vector dominance model failed to describe
the γp→ J/ψp cross section compared to the absorption
J/ψ cross section extracted from nuclear data [15]. A cor-
rection is required to account for the non-diagonal cou-
pling through higher mass vector mesons, as implemented
in the generalized vector dominance model [15, 16]. For
J/ψ, the correction factor C derived in Ref. [15] (C = 0.3)
is adopted in our calculation. Since the same correction
factor is used both in Eq. 5 and Eq. 8, its effect largely
cancels, so does the uncertainty associated with it. The
FP (~kP ) in Eq. 4 is the nuclear form factor for Pomeron
and can be obtained by performing a Fourier transfor-
mation of the nuclear density in the nucleus, which is
assumed to be the same as the charge density of the nu-
cleus. Here ~kP = (~kP⊥,~kL), the longitudinal component
kL =
M2J/ψ
4γcωγ
is the momentum transfer required to pro-
duce a real J/ψ. It leads to a coherence length of h¯/kL.
As long as h¯/kL is larger than twice the nuclear radius,
the reaction is fully longitudinally coherent. Any longitu-
dinal destructive interference has been taken into account
via the phase factor eikLz in the Pomeron form factor.
We now extend these calculations to HHICs, where,
unlike in the UPCs, the incoming nuclei collide and break
up. In UPCs, coherent ρ0 photoproduction is seen to be
unaffected by the accompanying mutual Coulomb excita-
tion [17, 18]. This can be attributed to the long lifetime
of the excited nuclei compared to the coherent emission
of photons and Pomerons. However, in HHICs, the more
energetic hadronic interactions happen at a much smaller
time scale, and therefore could impose significant impact
on the coherent photoproduction. This possible disrup-
tive effect is considered for two distinct sub-processes:
photon emission and Pomeron emission.
For photon emission, the photon field travels along
with the incoming nucleus and arrives at the target at
the same time as the emitter. Since the photons are
nearly real, i.e. Q2 < (h¯/RA)
2, they are likely to be
emitted before the hadronic interactions occur by about
∆t = RA/c. Therefore the photon emission should be
unaffected by hadronic interactions. However, one needs
to take into account the transverse extent of the photon
emitter as the two colliding nuclei overlap. For exam-
ple, the nucleons located in the overlapping region of the
target nucleus should see a reduced photon flux since the
effective photon flux decreases rapidly towards the center
of the emitter. In fact, the photon flux vanishes at the
center of the emitting nucleus by symmetry. Given that,
two limiting cases are considered for the photon emis-
sion, i.e. either the entire nucleus or only the spectator
nucleons act as the emitter.
For Pomeron emission, the spectator nucleons, which
are free from the hadronic interactions, can still act co-
herently. On the other hand, for the participating nu-
3cleons, the state is likely to be affected by the violent
hadronic interactions, leading to the destruction of coher-
ent Pomeron emission. In addition, the losses of longitu-
dinal momenta for nucleons involving in hadronic inter-
actions are significant, leading also to a decease of photo-
production cross-section. Finally, to determine whether
the participating nucleons act coherently, one needs to
examine the time ordering of the hadronic interaction
and the coherent process. These interactions can be or-
dered in terms of the formation time, i.e. h¯/MJ/ψ for the
coherent J/ψ production and RA/γc for the hadronic in-
teractions, which turn out to be of the same order. To
make things even more complicated, time ordering is not
Lorentz invariant, which means the Feynman diagrams
of all possible time orderings need to be summed up in
order to obtain the correct cross-section [19]. Since a full
solution to the time ordering problem is currently un-
available, two limiting scenarios for the Pomeron emis-
sion are considered as well. The first is to ignore the
hadronic interactions, and assume that the entire nucleus
acts coherently in emitting Pomerons. The second is to
take only the spectator nucleons as the coherent emitter.
These two scenarios should bracket the actual case.
In the end, four different coupling scenarios are con-
sidered for the coherent J/ψ production: (1) Nucleus
(photon emitter) + Nucleus (Pomeron emitter), short
for “N+N” here; (2) Nucleus + Spectator (“N+S”);
(3) Spectator + Nucleus (“S+N”) and (4) Spectator +
Spectator (“S+S”). The collision geometry and the den-
sity of spectators are simulated by the optical Glauber
model [20].
The transverse momentum of coherently produced J/ψ
is equal to the sum of the perpendicular momenta (~k⊥)
of the incoming photon and Pomeron [21]. The photon
perpendicular momentum (~kγ⊥) spectrum is given by the
equivalent photon approximation [12]:
d2Nγ
d2~kγ⊥
= K0
F 2γ (
~kγ)~k
2
γ⊥
(~k2γ⊥ + ω2γ/γ2c )2
(9)
where K0 is the dimensionless normalization factor. The
Pomeron perpendicular momentum (~kP⊥) spectrum is
given by the nuclear form factor of the emitter:
d2NP
d2~kP⊥
= N0F
2
P (
~kP ) (10)
where N0 is the normalization factor with dimension
GeV−2.
For J/ψ with pT < h¯/b, it is impossible to distinguish
which nucleus emits the photon, and which emits the
Pomeron. Due to the negative parity of J/ψ, the signs
of the two amplitudes are opposite, leading to destruc-
tive interference. This INT2N effect has been studied in
detail by Klein and Nystrand [21] for the vector meson
production in UPCs, and verified by the STAR measure-
ments of coherent ρ0 production [22]. We follow the same
strategy as in [21] for coherent J/ψ production:
σ(pT , y, b) = A
2(pT , y, b) +A
2(pT ,−y, b)
− 2A(pT , y, b)A(pT ,−y, b)× cos(~pT ·~b)
(11)
where A(y, pT , b) is the amplitude for J/ψ production
at rapidity y with transverse momentum pT . Unlike in
the UPCs, the impact parameters of HHICs can be re-
lated to the collision centrality, usually determined ex-
perimentally by measuring event activities in certain ra-
pidity ranges, using the Glauber model [23]. This makes
it possible to compare the measured pT spectra of co-
herent J/ψ production in different centrality classes to
the theoretical calculations for corresponding impact pa-
rameter ranges to study the INT2N effect differentially.
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FIG. 1. The dN/dp2T distributions of coherent J/ψ for dif-
ferent centrality classes with the “N+N” (panel a and c) and
the “S+S” (panel b and d) scenarios. The top two panels
are for Au+Au collisions at
√
sNN = 200 GeV at mid-rapidity
(|y| < 1), while the bottom two for Pb+Pb collisions at √sNN
= 2.76 TeV at forward rapidity (2.5 < y < 4.0). The black
curves represent the calculations without INT2N, while the
red ones with peak structures denote results with INT2N. All
the distributions are normalized such that the maximum val-
ues are equal to 1.
Figure 1 shows the dN/dp2T distributions for coherent
J/ψ in different centrality bins with the “N+N” (panel
a and c) and “S+S” (panel b and d) scenarios. The top
two panels show the predictions for Au+Au collisions at√
sNN = 200 GeV at mid-rapidity (|y| < 1), while the
bottom two are for Pb+Pb collisions at
√
sNN = 2.76
TeV at forward rapidity (2.5 < y < 4.0). The red lines
with peak structures include INT2N, while the black ones
do not. Without the INT2N effect, the shapes of the
coherent J/ψ pT spectra show negligible dependence on
the collision centrality when both the photon and the
Pomeron couple to the entire nucleus. However, for the
“S+S” scenario, sizable differences show up due to the
different density profiles of the spectators, and the differ-
ences grow larger towards more central collisions. On the
other hand, when the INT2N effect is included, a signifi-
cant suppression of the coherent J/ψ production at very
low pT is seen, as expected. As the impact parameter
4gets smaller, the INT2N effect affects larger kinematic
ranges, resulting in broader distributions and higher val-
ues of 〈pT 〉. Comparing different scenarios, the INT2N
effect is more significant for the nucleus coupling than
for the spectator coupling, due probably to the smaller
distance between the two nuclei than that between the
centroid of the spectator fragments. For the “S+S” sce-
nario, benefiting from the relatively large production rate
above 0.1 GeV/c in 0-10% central collisions, the second
bump originating from the INT2N becomes visible. The
shapes of “S+N” and “N+S” scenarios are very close to
those of the “N+N” and “S+S” scenarios, respectively.
This indicates that the coherent J/ψ pT spectrum shape
is more sensitive to the Pomeron emitter rather than the
photon emitter.
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FIG. 2. Yields of coherent J/ψ production as a function
of Npart in Au+Au collisions at
√
sNN = 200 GeV (a) and
Pb+Pb collisions at
√
sNN = 2.76 TeV (b). Data from the
ALICE experiment [5] are shown for comparison.
Figure 2 shows the coherent J/ψ yield, including
INT2N effects, as a function of number of participants
(Npart) in Au+Au collisions at
√
sNN = 200 GeV (panel
a) and Pb+Pb collisions at
√
sNN = 2.76 TeV (panel
b). The four scenarios, shown with different styles of
lines in the figure, predict similar yields at b = 2RA, but
differ dramatically as b decreases. The ALICE data [5]
are consistent with all four scenarios within the uncer-
tainties. Current calculations do not account for the nu-
clear shadowing effect on parton distribution functions
(nPDFs). At the LHC, the measurements in UPCs show
that the shadowing effect could reduce the cross-section
significantly [24], while the effect is expected to be smaller
at RHIC energies. Measurements of better precision to-
wards more central collisions and advanced models with
nPDFs included are essential for distinguishing the dif-
ferent scenarios.
In single UPCs, there is no special azimuthal direction.
However, in HHICs, the reaction plane [25], spanned by
the impact parameter and the beam axis, can be deter-
mined from the azimuthal anisotropies of produced par-
ticles due to the asymmetric collision geometry. Figure 3
shows the angular distributions of the coherent J/ψ in
the momentum space with respect to the reaction plane
at mid-rapidity (|y| < 1) in Au+Au collisions at √sNN =
200 GeV. The “N+N” and “S+S” scenarios are shown in
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FIG. 3. The angular distributions of the coherent J/ψ with
respect to the reaction plane at mid-rapidity (|y| < 1) in
Au+Au collisions at
√
sNN = 200 GeV in the scenarios of
“N+N” (a) and “S+S” (b). All the distributions are normal-
ized such that 〈 dN
dφ
〉 = 1. The black curves are the calculations
without INT2N, while the red ones are with INT2N.
panel(a) and (b), respectively. The black curves are the
calculations without INT2N, while the red ones are with
INT2N. Without INT2N effect, the coherent J/ψ exhibits
a uniform angular distribution in different centralities for
the “N+N” scenario. However, in the “S+S” scenario,
sizable anisotropy shows up due to the asymmetric den-
sity profile of the spectators, and the anisotropy grows
larger towards more central collisions. When the INT2N
is present, it drastically changes the angular distribu-
tions, leading to two dips at φ = pi/2 and φ = 3pi/2
corresponding to the case where the J/ψ pT is perpendic-
ular to the reaction plane. The conventional anisotropy
observed in HHICs arises from the anisotropy of the ini-
tial collision geometry that get preserved through strong
parton-medium interactions. This anisotropy vanishes
at low pT and in more central collisions, and is funda-
mentally different from the anisotropy seen for the co-
herent J/ψ, which originates from the asymmetric den-
sity profiles of the emitters convoluted with the INT2N
effect. Hence, the measurement of J/ψ angular distribu-
tions with respect to reaction plane in different centrality
classes provides an additional handle to distinguish co-
herently produced J/ψ’s from ones produced in hadronic
interactions. The resulting distributions for “S+N” and
“N+S” scenarios are very close to those for the “N+N”
and “S+S” scenarios, respectively. This indicates that
the coherent J/ψ anisotropy is also more sensitive to the
Pomeron emitter, as for the case of pT spectrum.
For the total yield of coherent J/ψ, it is almost unaf-
fected by the INT2N effect in UPCs, since the oscillation
in the cos(~pT ·~b) term in Eq. 11 averages out as the J/ψ
〈pT 〉 is significantly larger than 〈h¯/b〉. In contrast, in
HHICs, 〈pT 〉 ∼ 〈h¯/b〉, and therefore the INT2N could sig-
nificantly reduce the total cross-section, especially near
mid-rapidity where the amplitudes for the two interfer-
ence terms are similar. Figure 4 shows the expected J/ψ
dN/dy for different centralities with the “N+N” (panels
a and c) and “S+S” (panels b and d) scenarios. The top
two panels are for Au+Au collisions at
√
sNN = 200 GeV,
while the bottom two are for Pb+Pb collisions at
√
sNN
5y
4− 2− 0 2 4
dN
/d
y
0
0.1
0.2
0.3
0.4
0.5
3−10×
(c)
 < 0.3 GeV/c
T
p
Pb+Pb @ 2.76 TeV
Nucleus + Nucleus
y
4− 2− 0 2 4
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
3−10×
(d)
 < 0.3 GeV/c
T
p
Spectator + Spectator
Pb+Pb @ 2.76 TeV
2
 10×0-10% 
y
4− 2− 0 2 4
dN
/d
y
0
0.05
0.1
0.15
0.2
3−10×
(a)
 < 0.3 GeV/c
T
p
Au+Au @ 200 GeV
Nucleus + Nucleus
w/o interference
70-80%
40-50%
0-10%
b = 0 fm
y
4− 2− 0 2 4
0
5
10
15
20
25
30
35
40
6−10×
(b)
 < 0.3 GeV/c
T
p
Au+Au @ 200 GeV
Spectator + Spectator
2
 10×0-10% 
w/ interference
70-80%
40-50%
0-10%
b = 0 fm
FIG. 4. The J/ψ dN/dy distributions for different centrali-
ties with the scenarios of “N+N” (a and c) and “S+S” (b and
d). The top two panels are for Au+Au collisions at
√
sNN
= 200 GeV, while the bottom two show the calculations for
Pb+Pb collisions at
√
sNN = 2.76 TeV. The black curves de-
note calculations without INT2N, while the red ones are with
INT2N. The rapidity distributions for 0-10% central collisions
in panels (b) and (d) are scaled by 102 for clarity. The curve
for 0-10% central collisions with INT2N in panel (a) overlaps
with the curves for 70-80% centrality.
= 2.76 TeV. The black curves are the calculations with-
out INT2N, while the red ones show results with INT2N.
The rapidity distributions with the “S+S” scenario for
0-10% central collisions are scaled by 102 for clarity. The
J/ψ dN/dy in a certain centrality bin is related to the
cross-section (dσ/dy) via the following equation:
dσ
dy
(J/ψ) =
∫ bmax
bmin
2pib
dN
dy
(J/ψ, b)db, (12)
where bmin and bmax are the minimum and maxi-
mum impact parameters for a given centrality bin, and
dN
dy (J/ψ, b) is the number of produced J/ψ per unit rapid-
ity in collisions of impact parameter b. For the “N+N”
scenario, the INT2N has little effect on the production
yield in peripheral collisions, while it reduces the yield
considerably in more central collisions. In particular, the
coherent J/ψ production is completely eliminated by the
INT2N for the limiting case of b = 0 at y = 0. As shown
in panel b and d, the coherent production of J/ψ is al-
most unaffected by the INT2N in the “S+S” scenario due
to the relatively large distance between the spectator nu-
cleons. The resulting distributions for the “S+N” and
“N+S” scenarios are very close to those of the “N+N”
and “S+S” scenarios, respectively.
In summary, we have performed calculations of coher-
ent J/ψ photoproduction in HHICs with both the nu-
cleus and spectator coupling hypotheses for photon and
Pomeron emissions. In particular, the destructive inter-
ference in HHICs between photoproduction on ions mov-
ing in opposite directions is considered for the first time,
which is found to significantly affect the coherent J/ψ
production. All four scenarios with the INT2N effect can
describe the experimental data from ALICE within un-
certainties. The difference in coherent J/ψ production
yields between different coupling assumptions is small
for peripheral collisions and becomes significant in cen-
tral collisions. Therefore, precise measurements towards
central collisions are essential to distinguish the different
scenarios. We have also studied the differential distribu-
tions for coherent J/ψ as a function of transverse mo-
mentum, azimuthal angle and rapidity. All of them are
found to be more sensitive to the Pomeron emitter rather
than the photon emitter. Furthermore, these distribu-
tions are strongly modified by the INT2N effect, and can
be confronted with future experimental measurements to
test the presence of the INT2N effect. In present calcu-
lations, the nPDFs and possible hot medium effects are
not considered yet, which can be included in future work.
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